G raphene oxide (GO) is a twodimensional material derived from graphene by introducing covalent CÀO bonds. 1 The bulk form of GO, conventionally named graphite oxide, has attracted recurring interest since it was first synthesized by Brodie in 1855. 2 A heightened interest in GO was sparked by the upsurge of graphene-related research in 2004. Due to its ability to remain exfoliated in water as single atomic layers sheets, cast as films, and be further reduced back to graphene, GO has been successfully tested in numerous applications in electronics, conductive films, electrode materials, and composites. 1, 3, 4 Upon dissolution in water and in some organic solvents, 5,6 bulk graphite oxide spontaneously exfoliates to single layer GO sheets. From this perspective, bulk graphite oxide can be viewed as an accumulation of GO sheets. In this work, we will use the term "GO" to signify single atomic layer sheets. We use the term conventional graphite oxide (CGO) to signify bulk graphite oxide obtained by typical oxidation and purification protocols. 7, 8 We use additional terms to signify newly discovered forms of bulk graphite oxide. Despite recent progress in understanding GO chemistry and structure, the mechanism of its formation gained less attention and it remains elusive. Most reported studies in this field are theoretical, 9À11 focused on the act of introducing oxygen atoms into the graphene lattice with formation of CÀO covalent bonds. These studies consider both graphene and an oxidizing agent as freestanding species with no interaction with their surroundings. However, in actuality, GO is produced from bulk graphite, where individual graphene layers are closely aligned and stacked. To attack graphene layers, the oxidizing agent needs to first penetrate between those layers. The study here uses the modified Hummers' method of GO preparation 7, 8 that is currently the most commonly used approach. In the original Hummers' method, 3 wt equiv of potassium permanganate (KMnO 4 ) and 0.5 wt equiv of sodium nitrate were used to convert 1 wt equiv of graphite to graphite oxide. The reaction was carried * Address correspondence to tour@rice.edu, ayrat.dimiev@azem.com.
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RESULTS AND DISCUSSION
In the course of conversion of bulk graphite to GO, three independent steps can be identified. The first step is conversion of graphite to the sulfuric acidÀ graphite intercalation compound (H 2 SO 4 ÀGIC), which can be considered as the first intermediate. The second step is conversion of the GIC into the oxidized form of graphite, which we define as "pristine graphite oxide" (PGO), constituting the second intermediate. The third step is conversion of PGO to GO by the reaction of PGO with water.
The first step, H 2 SO 4 ÀGIC formation, begins immediately upon exposing graphite to the acidic oxidizing medium. The GIC formation is manifested by the characteristic deep-blue color acquired by graphite flakes. Despite the obvious simplicity of this observation, this fact was largely neglected in the modern GO-related literature, and was never systematically described in connection to the mechanism of GO formation. In addition to visual observations, the GIC formation can be confirmed by Raman spectroscopy and X-ray diffraction (XRD). 14À16 As will be demonstrated below, the characteristics of the GIC intermediate formed in the course of GO production are identical to those of H 2 SO 4 ÀGICs produced electrochemically or chemically. 17À20 The rate of the H 2 SO 4 ÀGIC formation depends on the electrochemical potential of the surrounding medium. 16 Under the experimental conditions of the modified Hummers' method with flake graphite, the stage-1 GIC forms within 3À5 min. The second step, conversion of the GIC into PGO, is significantly slower; it takes several hours and even days depending on the graphite source. Thus, the stage-1 GIC can be considered as an intermediate, which can be isolated and characterized. The second step, conversion of the stage-1 GIC into PGO, is the most intriguing step. . The G-band is blueshifted due to charging of graphene layers by intercalant, and it is strongly enhanced. The enhancement is caused by elimination of destructive interference at laser energies in the vicinity of the double Fermi energy, and by increasing of the probing depth induced by intercalation. 16, 21 The 2D-band is most likely suppressed by the "Pauli blocking" effect. 16, 22 This spectrum ( Figure 2b ) is identical to that of the stage-1 H 2 SO 4 ÀGIC. 16, 17 The Raman spectrum from the lightyellow-pearl-colored area along the flake perimeter (Figure 2c) contains the two broad G and D peaks and the two low intensity 2D and D þ G bands. This spectrum is typical for GO. 23, 24 The spectrum acquired from the dark-looking bordering area between the blue and yellow areas (Figure 2c ) is simply the sum of ARTICLE the two spectra discussed above. Thus, on the border there is a mixture of the two phases: stage-1 GIC and GO. No traces of stage-2 GIC, higher stages, or pure graphite are ever detected in our experiments. Here we arrive at our first conclusion: PGO is formed directly from the stage-1 GIC without any additional rearrangements in the graphite structure. Upon closer inspection, the dark flake's center is not uniform. In addition to the uniformly blue-colored area (b) (Figure 2a) , there is a grayish-looking area labeled with letter (e). This area appears patchy, i.e., it consists of submicrometer-sized rainbow-colored patches with a dominance of blue and grayish-blue colors. The Raman spectrum acquired from this area (Figure 2e ) is almost the same as the one from the uniformly bluecolored area. The presence of the low intensity D-band is the only difference. This patchy area is uniform in terms of its Raman spectrum; there is only slight variation in the D-band intensity, i.e., D/G ratio. The Raman spectra taken from the oxidized edge, neighboring patchy area (spots (c) and (d) down to the patchy area (e) on the After consumption of the second wt equiv of KMnO 4 , the size of the dark-blue center was decreased and the width of the yellow-colored GO band on the flake's edge was increased ( Figure 3 ). Very few flakes ARTICLE containing uniformly blue-colored areas were observed in the reaction mixture. Most of the flakes had patchy centers. The Raman spectra acquired from different spots of those patchy centers were very similar between each other and to those described in Figure 2e . The GO phase was not significantly detected in patchy areas. This observation suggests that the structure of patchy areas does not progressively change with oxidation; instead, the size of the patchy areas decreases. Hence, the D-band origin in the patchy area is not caused by oxidation but by the intercalation-induced changes themselves. Earlier we reported a similar reversible D-band rise during GIC stage transitions which did not involve any permanent oxidation. 17 After consumption of the third wt equiv of KMnO 4 , all of the flakes sampled from the reaction mixture appeared to be completely oxidized. No dark bluecolored areas were detected by optical microscopy. Approximately 80% of the flakes looked uniformly yellow-colored. However, 20% of the flakes appeared as the one shown in Figure 3c ; the flakes' centers had a slight bluish tint. The Raman spectra acquired from the slightly bluish areas were similar to those acquired from the uniformly yellow areas, suggesting the presence of only the GO phase. The Raman spectra of GO is not very sensitive toward the density of defects when the distance between the two scattering centers is <1.5 nm. 23, 24 It is still possible that the bluish centers have slightly fewer functional groups. In bulk quantities, the PGO flakes obtained with the use of 3 wt equiv of KMnO 4 looked darker when compared to the flakes obtained after consumption of 4 wt equiv of KMnO 4 ( Figure S1 , Supporting Information). Upon exposure to water, the former dispersed and exfoliated with difficulty. Nearly 48 h of swirling with repetitive sonication was required to dissolve the sample in water. Tiny multilayered, dark-brown particles were observable with the bare eye even after 48 h of swirling. The PGO made with 4 wt equiv of KMnO 4 dissolved completely after only 15 min of swirling. This observation suggests that with the 3 wt equiv of KMnO 4 , the density of functional groups was not high enough to afford spontaneous exfoliation. 16, 18 To diffuse between the graphene layers, the oxidizing agent needs to either replace existing intercalant molecules, or insert between them. The clear edge-to-center front-like propagation of the reaction (Figures 1 and 2a) is an indication that the rate of diffusion of the oxidizing agent into the graphite interlayer galleries is lower than the rate of the chemical reaction itself. As soon as the oxidizing agent diffuses between the graphene layers, it quickly reacts with nearby carbon atoms. In an alternative scenario, the oxidizing agent would be accumulated between the graphene layers, and the oxidized areas would form randomly all over the flake. The experimental data suggests the opposite: as we mentioned above, the patchy centers do not gradually transform into PGO. Thus, the second step of PGO formation is diffusive-controlled where the oxidant replaces the acid intercalant. This is the rate-determining step of the entire GO formation process. The progression of reaction on different flakes from the same reaction mixture was found to be different. Thus, the flakes sampled from the reaction mixture after consumption of 2 wt equiv of KMnO 4 ( Figure 3 ) varied from almost fully oxidized through very lightly oxidized. Sixty percent of the flakes were oxidized to the level as on the Figure 3a ,b and another 40% were oxidized to the level as on the Figure 3c,d . A small number of flakes (∼1%) were found to be almost fully blue-colored in the form of the stage-1 GIC with only trace oxidation. The difference in the reaction progress on different flakes is likely caused by the flakes' morphology. It was recently shown by Eigler and coworkers 28 that in the same batch of as-prepared graphite oxide, among the majority of normally oxidized GO flakes, there were a relatively small number of flakes that have been minimally damaged by oxidation. This observation can be well-understood now in terms of our findings. The difference in flake morphologies causes the difference in diffusion rates, which in turn causes the differences in the degrees of oxidation. Being diffusive-controlled, the entire PGO formation process depends on the size of the graphite flakes. Thus, for the same source of graphite, small-size flakes are oxidized significantly faster than large flakes as seen in Figure S2 (Supporting Information). While the edge-to-center reaction propagation is the same for small and large flakes, the percentage of the entire flake body that is the unoxidized blue color is significantly less for the small flakes than for the large flakes. Concerning the different graphite sources, our ARTICLE experiments demonstrated that the time of the GIC-to-PGO conversion varied significantly depending on the mesh size and structural characteristics, which we have not yet systematically studied. As a general observation, highly crystalline graphite samples were converted to PGO significantly slower when compared to the more disordered samples. The same highly crystalline flake graphite was oxidized significantly faster if it had been subjected to thermal expansion prior to the oxidation. Thermally expanded graphite is disordered and, unlike parent graphite, does not form a continuous GIC in the C-axis direction. In addition, the change in the concentration of KMnO 4 in H 2 SO 4 from 5.0 to 15.0 mg/mL did not significantly affect the rate of the reaction. Indeed, the diffusion of an oxidizing agent within two-dimensional graphite interlayer galleries should not depend on its concentration in bulk solution.
More questions remain concerning the dynamics of the oxidizing agent after it attacks graphene. Most likely, during the second step, the reduced form of the oxidizing agent remains in the interlayer galleries and is not removed (or not completely removed) until the beginning of the third step, when PGO exfoliates upon exposure to water. Thus, manganese was detected by X-ray photoelectron spectroscopy (XPS) in the PGO samples purified by some organic solvents ( Figure S3 ), see the Supporting Information for more details. However, manganese was never detected in the water-washed and methanol-washed graphite oxide samples, where PGO completely exfoliates in corresponding solutions. This observation suggests that, unlike sulfur, manganese does not form any functionalities with long lifetimes on the GO basal planes.
The Raman data is limited by the laser spot size and the probing skin depth. To gain information concerning the broader structure of the sample, we used XRD analysis, which being performed on bulk quantities, reveals all the phases present in the specimen. In this experiment, 4 wt equiv of KMnO 4 was added sequentially to the graphite/H 2 SO 4 slurry, and corresponding samples were subjected to XRD analysis after complete consumption of each weight equivalent of KMnO 4 . The four samples are referred to as "transition form" (TF) -1, -2, -3, and -4, respectively. The samples were protected from moisture to prevent decomposition of their unique structure.
The graphite sample taken from the reaction mixture 20 min after addition of the first weight equivalent of KMnO 4 exhibits a diffraction pattern typical for the stage-1 H 2 SO 4 ÀGIC (Figure 4) . The 002 diffraction line at 22.3°2θ angle along with the 003 and 004 signals at 33.7 and 45.2°can be unambiguously assigned to the stage-1 H 2 SO 4 ÀGIC with the interlayer distance (d i ) of 7.98 Å. 16, 17, 19, 20 The stage-1 GIC is the only phase present in the sample. After the first added KMnO 4 portion is consumed (TF-1), the stage-1 GIC signals are still observable, though they are less intense. The broad curve in the 15À28°2θ region is indicative of the formation of an amorphous phase. The new weak signals appear at 21.6, 11.4, and 11.7°2θ diffraction angles. After addition and consumption of the second wt equiv of KMnO 4 (TF-2), the signals associated with the stage-1 GIC are no longer present. This is consistent with the fact that the uniformly blue-colored areas were no longer observable in graphite flakes ARTICLE with optical microscopy (Figure 3) . Note the dark-blue patchy centers (Figure 3 ) which are abundant in TF-2 do not afford diffraction patterns specific for the stage-1 GIC. This is interesting because based on Raman analysis, the graphene layers are still fully intercalated with H 2 SO 4 . However, this fully intercalated structure is no longer orderly arranged. The three weak signals at 21.6, 11.4, and 11.7°2θ diffraction angles become stronger. We were unable to assign these three signals to any of the known forms of graphite. They also did not match known patterns of any inorganic compounds containing potassium and/or manganese.
The new strong signal at 9.7°2θ is observed in the sample taken after addition and consumption of the third wt equiv of KMnO 4 (TF-3). This signal becomes even stronger in TF-4. The intensity of the signals at 11.4 and 11.7°2θ diffraction angles decreases in TF-3 and TF-4, suggesting that they do not originate from inorganic byproducts; the byproducts are accumulated with addition of more KMnO 4 . The baseline in the 15À28°2θ region flattens, indicating a decrease of the amorphous phase content. Thus, the new crystalline form of oxidized graphite, which we define as PGO, is formed.
The strong sharp signal at 9.7°2θ diffraction angle is very different from the broad and weak 11.0°2θ signal in CGO (Figure 4a,c) . The near 11.0°2θ signal specific for bulk CGO samples has been reported in numerous studies; 12, 13, 15 however, little explanation has been provided concerning its origin. Bulk CGO is the product of restacking of previously exfoliated single layer GO flakes. It lacks any long-range ordering along the c-axis and, hence, should not provide a well-defined XRD pattern. The near 11.0°2θ signal likely originates from subnm-sized ordered areas of Moiré patterns which form on rotationally faulted bilayer graphene.
29À31
Note, GO consists of two different types of domains: intact graphene domains and oxidized domains. The two types of domains are randomly distributed throughout the GO flake. 32, 33 The oxidized domains cannot generate diffraction signals, since carbon atoms are irregularly shifted from their original positions due to sporadic formation of CÀO covalent bonds. Thus, the Moiré pattern can form only by overlapping of the graphitic domains from neighboring GO flakes. This ordering has very short-range along the c-axis (only two neighboring GO layers), and very small integral lateral area. Thus, the 11.0°2θ signal in CGO samples is weak. The ordered zones of the Moiré pattern gradually transform into disordered zones. The transition areas also generate diffraction at angles deviating from the main signal, thus the signal is broad. The 9.7°2θ signal in PGO is sharp and strong, suggesting the existence of a long-ranged highly ordered structure. Most notably, this is the structure of the original graphite flakes subjected to a c-axis expansion which preserves the ordered stacking of constituent graphene layers. Sufficient and uniform oxidation of constituent graphene layers is a key requirement for building up the new crystalline PGO structure. The insufficiently oxidized TF-2 remains amorphous. The new crystalline structure starts building up in the moderately oxidized TF-3 and becomes even more crystalline in the highly oxidized TF-4. The PGO structure is relatively stable and can exist for several months with no visible change if not exposed to large amounts of water. We found that the PGO crystalline structure survives even minor dilutions with water. Figure S4 (Supporting Information) shows PGO flakes kept in 65 wt % H 2 SO 4 for >3 months.
Furthermore, the diffraction signal at 9.7°2θ originates from the intact graphitic domains of PGO flakes. The H 2 SO 4 molecules must still be intercalated between the graphene layers within the graphitic domains. The interlayer distance (d i ) corresponding to the 9.7°2θ diffraction angle is 9.12 Å. The 1.14 Å increase in spacing compared to the stage-1 GIC (d i = 7.98 A°) is likely due to insertion of oxygen atoms within the oxidized domains in addition to the existing sulfuric acid molecules. The oxidized domains with irregular structure might only be responsible for c-axis expansion, but not for diffraction, which can originate only from graphitic domains.
We propose two possible explanations for the observed stability of the PGO structure against its exfoliation into single layer GO. First, there is GIC-like electrostatic attraction between graphene and the intercalant within the graphitic domains. The d i between the two neighboring GO flakes is increased due to the oxidized domains, but the PGO layers remain integrated due to attraction forces within the graphitic domains. To afford PGO exfoliation, the enthalpy of hydration of the resulting GO layers by water should overcome electrostatic attraction within the GIC. Hydration is driven by hydrogen bonding and by electrostatic interaction between charged GO layers and water. This results in formation of a GO in water colloid solution. In concentrated and slightly diluted H 2 SO 4 the ionization of GO functional groups is suppressed, and the electrostatic charge of the GO layers is apparently not sufficient to trigger the exfoliation mechanism.
The second explanation for the PGO stability is crosslinking of two neighboring GO layers by covalent sulfates. PGO contains significant amounts of covalent sulfates as an integral part of its chemical structure. 34 Hydrolysis of covalent sulfates is slow, and even wellwashed CGO always contains residual sulfates, which are in part responsible for the acidity of GO solutions. 34 The third step of GO formation, conversion of PGO to GO, was investigated and discussed in previous reports. 34, 35 In addition to exfoliation into single atomic layer sheets, this step involves hydrolysis of covalent sulfates serving as protective groups, and additional modification of oxygen functionalities due to reaction with water. Figure 5 summarizes and schematically represents the three steps constituting the process of conversion of bulk graphite into GO.
CONCLUSION
In summary, the formation of GO from bulk graphite constitutes three distinct and independent steps. The first step is conversion of graphite into a stage-1 GIC. The second step is conversion of the stage-1 GIC into an oxidized and c-axis ordered form of graphite, which we define as PGO; it involves insertion of the oxidizing agent into the preoccupied graphite galleries. This rate-determining step makes the entire process diffusive-controlled. The unique PGO structure opens greater understanding for the mechanism of GO formation. The third step is conversion of PGO into GO after exposure to water where there is no remaining c-axis order.
METHODS
Materials. The graphite flakes were obtained from SigmaAldrich, lots nos. 13802EH and MKBH6922V. The sulfuric acid was from Fisher Scientific, batch no. L-13345, and from J.T.Baker, batch no. 0000027217. KMnO 4 was from J.T. Baker, lot no. J41619, and from Amresco, lot no. 3413C120.
Oxidation of Graphite. Graphite flakes (400 mg, 33.3 mmol) were dispersed in 98% sulfuric acid (60 mL) at room temperature using a mechanical stirrer. After 10 min of stirring, 1 wt equiv of KMnO 4 (400 mg, 2.52 mmol) was added. The mixture became green due to the formation of the oxidizing agent MnO 3 þ . Additional portions of KMnO 4 (400 mg, 2.52 mmol each) were added when the green color of MnO 3 þ was diminished, indicating that the oxidizing agent was consumed. A total of 4 wt equiv of KMnO 4 portions were sequentially added. The end of the oxidation was always determined by the disappearance of the green color after each KMnO 4 addition. The graphite samples of different oxidation levels were separated (see below) from the rest of the reaction mixture and used for characterization without any purification.
Monitoring the Oxidation Reaction by Optical Microscopy and Raman Spectroscopy. To acquire optical microphotographs and/or Raman spectra, the graphite flake in a certain stage of its transformation from graphite to PGO was withdrawn from the reaction mixture with a pipet and sandwiched between a microscope slide and a glass coverslip. A layer of H 2 SO 4 solution was always present between the graphite surface and the coverslip; the graphite flake was free-floating in the acid mixture. Micronsized air bubbles were occasionally floating between the coverslip and the observed graphite surface. 
ARTICLE
Samples for XRD. To acquire XRD data, the samples of graphite at different stages of oxidation were separated from the reaction mixture and separated from solution by centrifugation (30 min at 4100 rpm). The precipitated graphite samples were transferred to the XRD holder and wrapped by a polyethylene terephthalate (PET) film to shield them from atmospheric moisture. Transfer and wrapping procedures were performed under a flow of nitrogen to minimize exposure to atmospheric moisture. The wrapped samples did not show any signs of decomposition within several hours, which was confirmed by identical XRD spectra acquired within the observation time frame.
Instrumentation. Light micrographs shown in Figures 1 and 2 were acquired using a Zeiss Axioplan 2 microscope, equipped with AxioCam MRc. The reflection mode was used with a white incandescent light source. Two types of lenses were used: Zeiss Epiplan 10Â, 0.2 for low magnification imaging, and Zeiss LD Epiplan 20Â, 0.4 HD DIC for higher magnification. The rest of the micrographs were acquired using a Senterra Raman microscope from Bruker equipped with an "Infinity-1" camera. The "Olympus" MPlan N 20 Â 0.40 and 50 Â 0.75 lenses were used. The Raman spectra shown in the Figure 2 were acquired using a Renishaw Raman RE01 microscope with 40Â lens; the 514 nm wavelength laser was used for excitation. The routine Raman spectra (not shown in the manuscript) were acquired with a Senterra Raman microscope from Bruker; the 532 nm wavelength laser was used for excitation. XRD were acquired using a Rigaku D/Max 2550 diffractometer with Cu KR radiation (λ = 0.15418 nm). The data obtained were analyzed and processed using Jade 9 software package.
